Rat aortic smooth muscle cells in culture were exposed to rat and human serum low-(LDL) and high-density (HDL) lipoproteins labeled with 12S I. 125 I-lip,id was taken up preferentially from all of the lipoproteins used. 125 I-protein uptake of both rat LDL and HDL was significantly higher than that of the corresponding human lipoproteins, and human LDL was preferred to human HDL. The uptake of delipidated high-density apolipoproteins of either rat or human origin was very low. About 3-4% of the interiorized rat LDL and HDL was catabolized during 48 hours of incubation. On electron microscopic autoradiography of cells incubated with rat I25 I-LDL, the concentration of label, representing mainly 125 I-protein, was associated with secondary lysosomes. These results suggest that, if the protein uptake represents particle uptake, the preferential uptake of human LDL compared with human HDL could account in part for the finding that LDL acts as a more potent feedback suppressor of 3-hydroxy-3-methylglutaryl CoA reductase than does HDL.
I-lipid lysosomes
3-hydroxy-3-methylglutaryl CoA reductase • In previous studies (1, 2) , the method of Ross (3) has been applied to culture rat aortic smooth muscle cells, and the interactions between these cells and some rat serum lipoproteins have been examined. Following exposure of the cells to either native 125 I-very low-density lipoprotein (VLDL) or 125 I-VLDL remnant particles (produced by incubation of VLDL with postheparin plasma), a higher uptake of labeled protein occurs in the presence of the remnant particles (1) . Remnant particles are considered to be intermediates in the metabolic transformation of VLDL to low-density lipoprotein (LDL) (4) (5) (6) ; therefore, the present study was designed to learn about the interactions between LDL and the aortic smooth muscle cells in culture.
To determine whether species specificity plays a role in these processes, the uptake of rat lipo-
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proteins was compared with that of human lipoproteins.
Methods

TISSUE CULTURE METHODS
Explants of intimal-medial segments of rat aortas were prepared according to the method of Ross (3) as described previously (2) . The explants were first grown in 75-cm 2 Falcon flasks. Smooth muscle cells usually began to grow out of the intimal-medial explants after about 14 days, and the growth appeared confluent 2-4 weeks later. The cells were then released from the flask by trypsinization (3) and transferred' to a new 75-cm 2 flask. For experiments, 7 x 10* cells were seeded in Falcon Petri dishes 60 mm in diameter. All experiments were carried out on cells between the third and the seventh trypsinization. The modified Dulbecco-Vogt medium (3) supplemented with 10% fetal calf serum was changed every other day; 4 ml of medium was used per Petri dish.
PREPARATION OF RAT AND HUMAN LIPOPROTEIN FRACTIONS AND IODINATION PROCEDURE
Blood was obtained from rats fed the pelleted diet Am-Rod 931 (2) . Lipoproteins were isolated from rat and human serum according to the procedure of Havel et al. (7) , using the Spinco model L2 65B ultracentrifuge. To prepare rat LDL, rat plasma containing 0.1% ethylenediaminetetraacetic acid (EDTA) was centrifuged for 16 hours at 123,000 g, using a 50.1 rotor. Following removal of VLDL, the subnatant fraction was adjusted to d 1.050 with solid KBr, and LDL was separated by centrifugation at 166,000g for 24 hours. The d < 1.050 fraction was separated by the tube-slicing method and respun at the same density for 24 hours at Circulation Research, Vol. 36, March 1975 166,000 g. The purity of the fraction was checked by electron microscopy in preparations negatively stained with potassium phosphotungstate; a representative field is shown in Figure 1 . Following delipidation according to the method of Scanu and Edelstein (8) , the lyophilized LDL apoprotein was dissolved in 0.2M Tris buffer, pH 8.2, containing 0.1M sodium decyl sulfate. Polyacrylamide gel electrophoresis was performed in 8M urea, pH 8.9, using 10% acrylamide (9) , and the gels were stained with 0.05% Coomassie brilliant blue (10) . Figure 2 is a representative example of the rat LDL used in the present study; it can be seen that it was free of bands characteristic of VLDL apoproteins (apo-C).
To separate rat high-density lipoprotein (HDL), the post-LDL infranatant fraction was adjusted to d 1.085 and centrifuged at 165,000 g for 24 hours, and the d > 1.085 subnatant fraction was adjusted to d 1.21 with solid KBr. HDL was floated at d 1.21 for 48 hours at 165,000 g and further purified by recentrifugation for 48 hours. The fraction was checked by electron microscopy and immunodiffusion; it was similar to the HDL fraction described previously (11) .
For the isolation of human LDL, the VLDL was removed at d 1.006 by centrifugation for 24 hours at 123,000 g. The subnatant fraction was adjusted to d 1.063 and centrifuged for 24 hours at 165,000 g. The LDL fraction was further washed and concentrated by two 18-hour centrifugations in the SW 41 rotor at 115,000 g.
FIGURE 1
Electron micrograph of rat LDL negatively stained with potassium phosphotungstate. The scale is O.In. Circulation Research, Vol. 3 6, March 1975 Polyacry'lamide gel electrophoresis of rat VLDL (left) and rat LDL (right). The stained band in the LDL gel corresponds to apolipoprotein B; no fast-moving bands can be seen.
Human HDL was prepared, after removal of other lipoproteins at d 1.085, by three consecutive spins at d 1.21 for 48 hours each at 165,000 g.
To prepare the apolipoproteins, HDL was delipidated according to Scanu and Edelstein (8); 90-98% of the protein was recovered after delipidation. To isolate the main apolipoprotein of rat high-density apolipoproteins, the preparations were dissolved in 0.02MTris-HCl buffer, pH 8.2, containing 6M urea and fractionated by gel filtration on 2.5 x 100-cm Sephadex G-150 columns (Pharmacia) in the same buffer; 5-ml fractions were collected at a flow rate of 20 ml/hour. The elution pattern of rat high-density apolipoproteins was similar to that described by Bersot et al. (12) . The fractions belonging to the second peak were pooled, dialyzed, and lyophilized; they were designated HS-2.
The lipoproteins and apolipoproteins were iodinated with 125 I and iodine monochloride, using the procedure of MacFarlane (13) as modified by Bilheimer et al. (5) . Following extensive dialysis against 0.15M NaCl containing 0.01% EDTA, pH 7.4, 96-98% of the radioactivity in all of the lipoproteins was trichloroacetic acid (TCA) precipitable. Following extraction with a chloroformmethanol solution (2:1) arid purification according to the method of Folch et al. (14) , the lipid radioactivity in rat LDL and HDL was 25-40%; in the corresponding human lipoproteins, it was 2.0-3.0% of the original radioactivity in the intact lipoproteins. These data were used for the estimation of the specific activity of the protein, which was in turn used for the calculation of protein uptake.
EXPERIMENTAL PROCEDURE
The experimental design was essentially the same as that described previously (2); 50-200-^liter aliquots of radioiodinated lipoproteins were added to 4.0 ml of fresh culture medium, and incubations were carried out for 24 or 48 hours. At the end of the incubation, the medium was removed, and the cell layer was washed six times with 2 ml of Tris-Versene buffer (2) . Following release of the cell layer by trypsinization, the cells were washed by two centrifugations, and the last wash was replaced with 5% TCA. The radioactivity present in the TCA precipitate and the supernatant solution of the cell fraction was determined. The precipitate was then extracted with a chloroform-methanol solution (2:1), the lipids were purified according to the method of Folch et al. (14) , and lipid radioactivity was determined on aliquots of the chloroform phase that had been evaporated to dryness.
To study lipoprotein catabolism, cells were exposed to 125 I-LDL or 125 I-HDL for 24 hours; the labeled medium was then removed and, after seven washes with 2 ml of Tris-Versene buffer, replaced with the regular medium, which did not contain rat lipoprotein. In each experiment, some Petri dishes were subjected to trypsinization after the seventh wash, and the cells that were released were replated in a fresh Petri dish. Following further incubation for 48 hours, the TCA-soluble radioactivity in the medium was separated into chloroform-soluble, representing free iodine, and water-soluble radioactivity, representing split products, as previously described (2) .
PREPARATION OF CELLS FOR ELECTRON MICROSCOPY AND AUTORADIOGRAPHY
Fixation was carried out in situ for 20 minutes at room temperature using Karnovsky's paraformaldehyde-glutaraldehyde fixative diluted with culture medium (15) . Postfixation was carried out with acetate-veronal-buffered 2% osmium tetroxide. Following dehydration in graded ethanols at room temperature, the fixed cells were released from the culture dish by propylene oxide in the form of a film (16) , infiltrated, and embedded in Epon (17) . The removal of lipid radioactivity was monitored by scintillation counting of the fluids used for dehydration and chloroform extracts of the cells at various steps in the procedure. For light microscopy 0.5-1.0^ thick sections and for electron microscopy sections showing silver-to-gold interference colors were prepared from the Epon blocks. They were coated with Ilford K5 or L4 research emulsion and processed as described previously by Caro et al. (18) . The estimated ' resolution of the autoradiographic method is about 0.15^-
ANALYTICAL PROCEDURES
Protein was determined according to the method of Lowry et al. (19) . Lipid extraction was carried out according to the method of Folch et al. (14) . Radioactivity was measured with the Packard Autogamma scintillation spectrometer.
Results
Rat aortic smooth muscle cells were exposed to 125 I-labeled rat or human LDL or HDL for 24 hours. Comparative distribution of protein and lipid (chloroformextractable) radioactiuity in rat and human low-density lipoproteins (LDL), high-density lipoproteins (HDL), and aortic smooth muscle cells (SMC) that had been exposed to each lipoprotein for 24 hours.
As seen in Figure 3 and in accord with previous findings for HDL and VLDL (2), the percent of chloroform-soluble radioactivity in the cells exceeded by far that present in the starting material. This finding was also the case when rat aortic smooth muscle cells were exposed to human 125 Ilabeled lipoproteins, in which only a minor fraction of the label was chloroform soluble. The uptake of rat LDL protein and that of rat HDL protein were compared; although there was an increase in uptake with time for both, the uptake of rat LDL protein was not significantly higher than that of rat HDL protein at the low dose range used (Table 1) . However, the uptake of human LDL protein was significantly lower than that of rat LDL protein even when the concentration of human LDL in the medium was five times that of rat LDL ( Table 1 ). The uptake of human HDL protein was the lowest compared with that of either human LDL or rat HDL protein at similar concentrations. The uptake of delipidated whole rat HDL or the HS-2 fraction was compared with that of human high-density apolipoprotein; the results of a representative experiment are given in Table 2 . The uptake of both rat and human high-density apolipoproteins as well as that of the HS-2 fraction increased with their concentration in the medium but was low even' at the highest concentrations used. A similarly low protein uptake was observed when rat aortic smooth muscle cells were exposed to whole human HDL or its apolipoprotein (Tables 1 and 2). The uptake of rat high-density apolipoproteins or HS-2 was much lower than that of rat HDL at the low and the high protein concentrations used (Tables 1 and 2 ).
To study the catabolism of the labeled lipoproteins, the release of TCA-soluble radioactivity was studied in pulse-chase experiments. As in a previous study (2) , the TCA-soluble radioactivity was corrected for the free iodine present due to deiodination. To compare the relative rate of degradation of LDL and HDL, the results were expressed as percent of labeled cell protein. It can be seen in Table 3 that both LDL and HDL were degraded at a relatively slow rate.
This finding prompted an investigation of the intracellular localization of labeled protein with the help of autoradiography. Owing to the high proportion of chloroform-methanol-extractable radioactivity in the cells exposed to 125 I-LDL, the removal of l25 I-lipid during dehydration was determined. As seen in Table 4 , about 80% of the cellular radioactivity could be extracted by a chloroformmethanol solution after either single fixation with an aldehyde fixative or postfixation with osmium tetroxide. However, when the fixed tissue was subjected to dehydration in graded ethanols and propylene oxide, 80% of the label was removed, and subsequent extraction with the chloroformmethanol solution did not remove more than 10% of the cellular label. These findings indicate that the autoradiographic reaction obtained in sections prepared from cultures subjected to complete dehydration represents mainly protein radioactivity. The autoradiographic findings are presented in Figures 4 and 5 . The cells grew in several layers, and the bottom layer could be identified by its proximity to the film produced during release of the cells from the Petri dish with the help of Circulation Research, Vol. 36, March 1975 propylene oxide ( Figs. 4 and 5) . The ultrastructural appearance of the smooth muscle cells in culture was the same as that described previously (2) and is exemplified in Figure 5 . The cells contained myofilaments with dense bodies and various amounts of plasmalemmal vesicles and secondary lysosomes. In the intercellular material there were microfibrils and small globules of homogeneous 
Degradation of LDL and HDL in Rat Aortic Smooth Muscle Cells
Lipoprotein LDL (5) HDL (5) TCA-soluble radioactivity in medium* (%of labeled cell protein) Smooth muscle cells (10 x 10") were incubated with 80 ^g of rat 12S I-LDL for 24 hours, washed six times with Tris-Versene, and fixed in situ. The fixatives, washes, and dehydrating agents were collected. The cell layer in samples 1-4 was released by a chloroform-methanol solution (Folch extraction); in samples 5 and 6 it was released by propylene oxide. Radioactivity was determined in all fluids used and in the cells after Folch extraction. material resembling elastin. The autoradiographic reaction was usually associated with cellular elements, and only occasional grains were seen over the extracellular material ( Figs. 4 and 5) . In most cells the grains were adjacent to secondary lysosomes, and concentrations of grains were localized only to secondary lysosomes ( Figs. 4 and 5) .
Discussion
In the present report, the study of the interactions between rat aortic smooth muscle cells in culture and labeled serum lipoproteins was extended to rat LDL and human LDL and HDL. As in the previous study (2), a preferential influx of lipid was observed. It seems pertinent to point out that this influx was also evident when the cells were incubated with human lipoproteins, in which not more than 2-3% of the label had been in the lipid moiety. These results are in agreement with those of Bailey and Butler (20) , who have shown a preferential influx of cholesterol from doubly labeled human a-lipoproteins into mouse fibroblasts.
FIGURE 4
Electron microscopic autoradiograph of aortic smooth muscle cells after 48 hours of incubation with rat '"I-LDL. The cells form a multilayer, and the bottom layer is adjacent to a membrane (m). The autoradiographic reaction is associated mainly with the cells. Concentrations of grains are associated with secondary lysosomes (arrows), and some grains are seen just adjacent to these organelles. The scale is 0.1fi.
Circulation Research, Vol. 36, March 1975 FIGURE 5 Electron microscopic autoradiograph of aortic smooth muscle cells after 48 hours of incubation with rat '"I-LDL. The cells form a multilayer with the bottom layer adjacent to a membrane (m). The cells contain myofilaments (mf) with dense bodies (d); plasmalemmal vesicles (pu) can also be seen. In the interstitial space there are microfilaments and elastinlike material (el). The autoradiographic reaction is associated mainly with cells. Concentrations of grains are associated with secondary lysosomes (arrows), and some grains are seen just adjacent to these organelles. The scale is lu.
In the present experiment, rat HDL, which was used also in the previous study (2) , served as a reference for comparison of uptake of other lipoproteins. Rat LDL, which is only a minor component of rat plasma lipoproteins, seemed to be taken up somewhat more avidly than was rat HDL, but, owing to its scarcity, it was not possible to continue the comparison at higher concentrations. This comparison became possible, however, with the use of human lipoproteins; a clear difference between the uptake of human LDL and that of human HDL was observed. The low uptake of human HDL protein was also seen when the cells were exposed to delipidated high-density apolipoproteins, indicating that the presence of lipid did not hinder protein uptake. Since the difference in uptake between rat LDL and human LDL was less pronounced than that between rat and human HDL, it Circulation Research, Vol. 36, March 1975 seems that these findings cannot be explained by species specificity alone.
Rat LDL resembles human LDL with respect to particle size (200-250 A) (21, 22) and molecular weight (2.3-2.7 x 10" for human LDL [23] and 2.4-2.7 x 10 6 for rat LDL [24]). Their protein content is similar, and the presence of only one main apoprotein has been described in both (23, 24). This similarity does not apply to rat and human HDL. The molecular weight of rat HDL has been estimated at 6 x 10 5 (24) compared with 3.2 x 10 5 for human HDL 2 and 1.75 x 10 5 for HDL 3 (23). Accordingly, a particle of rat HDL has a mean diameter of 120 A (11) compared with 70-75 A for HDL 3 and 95-100 A for HDL 2 (22) . The other difference lies in the cholesterol content, which has been estimated at 25-28% for rat HDL (11, 24) and 15% for human HDL 3 or 22% for human HDL 2 (25).
Both rat and human HDL apparently contain six or seven different peptides (26, 27), and similarities between human and rat apo-AI, CI, CII, and CIII have been indicated (27). However, apo-AII exists as a dimer in humans and as a monomer without the disulfide bond in rats (26, 27). Possibly, the most significant difference between human and rat HDL is connected with the relative abundance of the arginine-rich peptide recently described in rat HDL (26). If uptake is related to surface binding, then, if an equal number of rat and human HDL particles were bound, their different protein contents could account for up to a 3:1 difference in protein uptake. Thus, it seems that the rat smooth muscle cell preferentially binds rat HDL as opposed to human HDL particles.
The present findings also show that the uptake of human LDL by rat aortic smooth muscle cells is four times higher than that of human HDL (Table  1 ). In preliminary experiments on human skin fibroblasts, we have observed that the uptake of human LDL is up to seven times higher than that of human HDL protein. The finding of a preferential uptake of human LDL over that of human HDL by cells in culture might help to explain in part the finding of Brown et al. (28) with respect to the different influence of LDL cholesterol and HDL cholesterol on the regulation of the cellular levels of 3-hydroxy-3-methylglutaryl CoA reductase. They concluded (28) that although "cholesterol itself is the true feedback suppressor of HMG-CoA reductase activity in fibroblasts, in order to act it must be delivered to the cell in a form other than that bound to HDL." Since the cholesterol content of human LDL is 45% or 1,786 moles/mole and that of human HDL is 20% or 45 and 140 moles/mole for HDL 3 and HDL 2 , respectively (25), our findings indicate that, if the particle carries its full complement of lipid, 20 times or more cholesterol will enter the cell when the latter is exposed to LDL than will enter when the cell is exposed to HDL at similar lipoprotein protein concentration in the medium. Even though the higher uptake of human LDL compared with that of HDL could account in part for the difference in the action of these two lipoproteins on intracellular levels of 3-hydroxy-3methylglutaryl CoA reductase, one might also consider other possibilities. Although a very clear localization of the autoradiographic reaction to secondary lysosomes was observed after incubation of aortic cells with LDL or VLDL remnant particles (1), this localization was less prominent when HDL was used (2) . These results suggest that the B protein present in VLDL remnants and in LDL promotes formation of secondary lysosomes to a greater extent than does HDL. If the lipoprotein cholesterol reaches the interior of the cell in the form of cholesterol ester and assuming that free cholesterol acts as a feedback suppressor of 3hydroxy-3-methylglutaryl CoA reductase, one might speculate that the lysosomal cholesterol esterase (29) regulates the supply of free cholesterol for the operation of the feedback process.
